Edge effects impact species richness and composition as a result of environmental changes caused by fragmentation. This study analyzed edge effects on a community of terrestrial ferns and lycophytes in an Araucaria forest in Brazil at sites subjected to differing edge conditions: (1) a site bordering a road running through the interior of a conservation unit, and (2) a site bordering an agricultural property. Twelve 10 × 10 m plots were selected at the edge and in the interior of each site, and accounted for a total of 48 plots. The edges had lost their characteristic floristic identity, suggesting that many species are sensitive to variations in environmental conditions. The edge effect had a negative impact on species richness as shown by the greater average numbers of fern and lycophyte species in forest interiors at both sites. The results showed that the forest fragments in contact with agricultural areas were subjected to more intense edge effects than the fragments bordering a road within a conservation unit.
Introduction
Fragmentation of forested areas is one of the most pervasive causes of biodiversity loss and can result in local or total species extinctions (Bierregaard et al. 1992; Turner 1996; Tabarelli et al. 1999) . Reduction of forest areas reduces the internal heterogeneity of habitats and their natural resources while increasing the area exposed to edge effects (Murcia 1995; Metzger 1999; Fahrig 2003; Ribeiro et al. 2009 ). The micro-habitats at the edges of forest remnants are different from their interiors, and some of the most obvious effects are intimately linked to low humidity and increased light intensity, temperature, and wind exposure (Kapos 1989; Murcia 1995) . The increased light penetration is the most decisive of these factors because it is directly linked to humidity and temperature (Murcia 1995) . Light intensity and wind velocities are both higher at the forest edges because the natural barriers created by adjacent trees are absent (Silva et al. 2010) . These factors also increase deposition of litter along the forest edges, rendering plant communities more vulnerable to fires (Laurance et al. 2002) .
Studies are investigating edge effects on communities of tree species (Williams-Linera 1990; Laurance et al. 1998; Fontoura et al. 2006) . Environmental changes associated with forest edges can have negative impacts on the plant communities that survive in forest remnants, leading to the death of large numbers of trees (Laurance et al. 2000) .
There are also few studies describing how other taxonomic groups, including ferns and lycophytes (Paciencia & Prado 2004; Barros et al. 2006; Silva et al. 2011; Pereira et al. 2014 ) and fruticose lichens (Esseen & Renhorn 1998) or bryophytes (Baldwin & Bradfield 2007) , respond to these effects.
Different species respond differently to edge effects and the effects themselves do not manifest in exactly the same way at all edges (Paciencia & Prado 2004) . At the time of formation of edges and elimination of sensitive species, increased numbers of pioneer species and species tolerant to the climatic conditions of the changed environment are also observed (Laurance et al. 1998) .
Ferns and lycophytes are important groups of vascular plants that reproduce via spores. The Atlantic rainforest is Brazil's richest biome in terms of seedless vascular plants, and approximately 40% of the fern and lycophyte species that occur in the Atlantic rainforest are endemic to this biome (Forzza et al. 2012) . Ferns and lycophytes are considered important indicators of environmental quality, because they are responsive to changes in abiotic factors (Ferrer-Castán & Vetaas 2005; Silva et al. 2011 ) such as humidity (Windisch 1992) and light availability (Sharpe & Mehltreter 2010) . Grime (1985) demonstrated that many species of ferns and lycophytes are unable to resist the climatic changes caused by edge effects, because they are sensitive to the greater light intensity and wind velocity. Certain species in these groups that inhabit the interiors of forests have very narrow ecological amplitude, being practically excluded by the conditions of some microhabitats, and it has been shown that they are highly sensitive to environmental changes (Senna & Kazmirczak 1997) caused by fragmentation. In Brazil, Paciencia & Prado (2004; and Silva et al. (2011; conducted comparative analyzes of edges and interiors of rainforests in northeastern Brazil and found that the species richness of ferns and lycophytes was reduced in edges when compared with sites in the forest interior. The edge effect can result in substitution of more sensitive species by those that are more tolerant to the impacts caused by fragmentation, resulting in impoverishment and decharacterization of the local native flora .
The objectives of this study were to as follows: (1) compare the coverage, richness, and composition of terrestrial fern and lycophyte communities in the interior and at the edge of two sites in Araucaria forest, (2) compare microclimatic conditions between the edges and interiors of the sites, (3) analyze the influence of openings in the canopy, litter depth, and soil moisture content on the distribution of plant richness and coverage, and (4) compare the site that is bordered by a road with the site that has an adjacent agricultural property, in terms of the biotic and abiotic variables. Three hypotheses were tested: (1) species richness and coverage decrease in the forest edge, (2) vegetation, soil, and microclimate variables change between the edge and forest interior, and (3) the existence of an edge effect varies according to the type of habitat edge.
Material and methods
This study was conducted in a national forest located in the municipality of São Francisco de Paula (FLONA-SFP), Rio Grande do Sul, southern Brazil. The FLONA-SFP covers an area of 1,606.60 ha and comprises a mosaic of Araucaria forest and plantations of exotic and native species (Silva et al. 2010) . The Araucaria forest is extremely fragmented and occurrence is restricted to the south and southeastern regions of Brazil. The distribution of this forest type has been reduced to less than 5% of the original area (MMA/ SBF 2002).
The study area comprised part of the Araucaria forest, in which the dominant species is Araucaria angustifolia (Bertol.) Kuntze. The climate of the study area can be described as humid temperate, with a temperate summer (Cfb) (Moreno 1961 ) and mean annual temperature and rainfall of 14.1°C and 2,468 mm, respectively. The soil is classified as humose aluminous cambisol, from shallow to deep, combined with lytholic entisol, rich in organic material, and common in areas with high rainfall and low temperatures (Streck et al. 2008) . Two sites in the area were selected for the analysis of edge effects. The sites were 3.6 km apart, protected from cattle grazing, and were not sub-ject to the passage of fire. The first site, Macaco Branco, is located in a part of the forest where edges have been created by construction of a road that is approximately 10 m wide and cuts through the interior of the conservation unit (29° 25' 08'S and 50° 23' 44'W 960 m). The Macaco Branco site suffered processes of fragmentation due to clearance for construction of the road and to obtain trees for lumber. The second site, Cravina, is located in a part of the same forest with an edge bordering an agricultural property that is outside of the FLONA-SFP (29° 26' 51'S and 50° 22' 50'W 918 m). Between the 1940s and 1970s, as the population of Araucaria was exhausted, cultivation of crops and Pinus plantation replaced the natural forest.
A total of 25 points, 10 m apart were marked along a 250 m extent of the edge of each site, following which 12 of these points were randomly selected at each site. At each point, a 10 × 10 m plot was marked at 5 m into the edge of the forest fragment. Another sampling plot of the same size was marked out 100 m into the forest, parallel to each of the edge plots. Therefore, 12 sampling points were selected at the edge of each site and 12 were selected in the interior of each site, accounting for a total of 48 plots.
For each plot, all species of terrestrial ferns and lycophytes were recorded and their coverage area was measured with measuring tape. Taxonomic identifications were accomplished using specialist bibliographic references, by comparison with specimens deposited in a herbarium and by consultation with specialists. Plant families were organized according to Smith et al. (2006; . Representative fertile specimens were collected and deposited in the Herbarium Anchieta (PACA), at the Universidade do Vale do Rio dos Sinos, São Leopoldo, Rio Grande do Sul, Brazil.
Air temperature, relative air humidity, and wind velocity were recorded on one day in summer and one day in winter at hourly intervals during a period of 12 consecutive hours (from 6 h to 18 h) at the edge and in the interior of the site. To achieve this, a portable digital thermo-hygro-anemometer (Instruterm-Thal-300, model 0211) was mounted on a 0.75 m high tripod (VF WT-3111). On the same day, hemispheric photos were taken at the edges and interiors of the sites from the center of each plot, for determination of the proportion of the canopy that was open. These areas were photographed using a Sony H5 camera fitted with a Raynox Digital fish eye lens, model DCR-CF 85 Pro, which had been leveled and aimed north (Garcia et al. 2007) , at 1 m from the ground. The images were later analyzed using GAP Light Analyzer version 2.0 software to obtain the percentage of the canopy that was open (Frazer et al. 1999) .
Soil moisture and depth of the litter layer were also measured at three points within each plot on the same days during summer and winter. Soil moisture content was measured using an AT Delta-T Device HH2 version 4.0 Moisture Meter. Litter depth (in cm) was measured using a rule with a millimeter scale.
The Shapiro-Wilk test was used to verify the normality of the biotic and abiotic data from the interior and edges. Since the hypothesis of normality was ruled out, data were compared using the Mann-Whitney nonparametric test (U), to 5% probability. These analyzes were conducted using Biostat 5.0 statistical software.
The presence and absence data of ferns and lycophytes species at both sites were subjected to Principal Coordinates Analysis. A Principal Component Analysis (variancecovariance matrix) was performed with litter (cm), soil moisture (%), area of open canopy (%), and richness and coverage (%) of fern and lycophyte species in the 48 plots to verify the segregation between the sites and to identify the variables most strongly correlated to the groups. This analysis was performed using the PAST software, version 2.17 (Hammer et al. 2001) .
Results
We identified a total of 32 species of ferns and one lycophyte, distributed across 23 genera and 15 families. The family with greatest richness was Dryopteridaceae (six species), followed by Aspleniaceae and Thelypteridaceae, with four species each, and Blechnaceae and Polypodiaceae with three species each. The Macaco Branco site had greater richness (30 species), with 16 species at the edge and 27 in the forest interior. At the Cravina site, total richness was 14 species, with seven recorded at the edge and 11 in the interior. Comparison of richness at the edge and in the interior of the Macaco Branco site revealed 13 species in common, whereas at the Cravina site, only four species occurred both at the edge and in the interior. Considering the total number of species inventoried, the interior Macaco Branco site accounted for 91% of total species richness (Tab. 1). At the Macaco Branco site, mean species richness in the interior was twice that recorded at the edge. The interior of the Cravina site similarly had greater richness than the edge. The results for richness of ferns and lycophytes per plot were statistically non-significant at the edges of both sites (U = 48, P = 0.165), but species richness of their interiors were highly significant (U = 5, P = 0.001). The mean species richness per plot in the interior at Macaco Branco was also twice the richness in the interior at Cravina. A single plot in the interior at the Macaco Branco site had 11 species, which is almost two-fold that of the highest number found in edge plots at this site and the maximum in both edge and interior plots at the Cravina site (Tab. 2).
Out of all the environments analyzed, the largest average species coverage area per plot was observed in the interior of the Macaco Branco site. In comparison with the edge of the same site, interior coverage was six-fold larger. The interior at Macaco Branco also had a significantly larger mean area than the interior at Cravina (U = 0, P < 0.001). However, a comparison between areas at the forest edges did not show any difference (U = 69, P = 0.862), and the same result was observed after comparison of the plant coverage at the edge and in the interior at Cravina (Tab. 2).
At both sites, the canopy cover was significantly greater in the interiors than at the edges (Tab. 2). There was greater canopy cover at the edge of the Macaco Branco site than at the edge at the Cravina site (U = 12, P = 0.0005) but no difference between the canopies in the interiors of the sites (U = 64, P = 0.644).
The mean temperatures for edges and interiors were statistically equal at the two sites. A comparison of edges with interiors (U = 241, P = 0.332) also failed to detect differences (U = 282.5, P = 0.909). Wind velocity was significantly different only between the edge and the interior at Cravina. At the edge of this site, the maximum velocity reached 12.1 km/h. Wind velocity at the Macaco Branco edge was significantly lower than that at the Cravina edge (U = 48.5, P = 0.0001). A similar significant difference in relative air humidity was found only between the edge and interior at Cravina, with higher air moisture in the interior (Tab. 2). The air was drier at the Cravina edge than that at the Macaco Branco edge (U = 110, P = 0.0002). No differences in air humidity (U = 204.5, P = 0.085) or wind velocity (U = 228, P = 0.216) were observed between the forest interiors at the two sites.
At Macaco Branco, the soil was drier and the litter layer was deeper at the edge, and the same was observed at the Cravina site. The highest absolute humidity was measured in the forest interior at Macaco Branco (Tab. 2). Mean soil moisture at edges (U = 2201, P = 0.118) and in interiors (U = 2349, P = 0.332) did not differ significantly between sites. There was also no difference between edges at the two sites in terms of mean depth of the litter layer (U = 2410.5, P = 0.468). In contrast, comparison of litter depth in the interiors revealed that the litter layer at Macaco Branco was deeper than that at Cravina (U = 1906, P = 0.006).
The Principal Coordinates Analysis (PCoA) grouped the plots in the interior of the Macaco Branco site separately from the plots at the edge, providing evidence of a heterogeneous floristic composition. For the Cravina sites, our analysis demonstrated an overlap of edge and interior plots which were grouped together. This site therefore had a more uniform floristic composition, exhibiting greater similarity between the edge and interior (Fig. 1) .
The Principal Components Analysis (PCA) demonstrated that components 1 and 2 explained 98.38% of variation. This analysis provides evidence for a direct relationship between the species richness of terrestrial ferns and lycophytes and soil moisture and coverage by vegetation. The plots where soil humidity was greatest, the litter layer was shallowest, and the canopy cover was greatest, exhibited the greatest richness and coverage of plants (Fig. 2 ).
Discussion
The edge effect had a negative impact on species richness of ferns and lycophytes, with greater mean richness in the understories of the interiors of both fragments. Nevertheless, it was observed that the edge effect was stronger in Cravina, where the species richness reduced to half, compared with Macaco Branco, suggesting that an agricultural matrix enhances the edge effect. The current study therefore provides further evidence supporting the findings of Paciencia & Prado (2004) , Silva et al. (2011), and Silva et al. (2014) , indicating that ferns and lycophytes are potentially vulnerable to edge effects.
In the forest interior, the high level of soil moisture, combined with the thinner litter layer and greater proportion of canopy cover, are factors that favor the occurrence of greater richness of ferns and lycophytes at both sites. Their gametophytes are small and ephemeral, flat and green, and most grow in substrates above the soil level, rather than directly in the soil, to facilitate light absorption (Sharpe & Mehltreter 2010) . In contrast, the deeper litter layer at the forest edges, under direct exposure to greater light intensities, faster winds and lower humidity, would decompose at a slower rate because of the lower humidity, and would consequently accumulate more than in the interior (Portela & Santos 2007) .
At both sites, the forest edges had deeper litter layers. A thicker build-up of litter can increase susceptibility to fires by concentrating biomass at forest edges (Laurance et al. 2002) . This element, in combination with drier soils, comprises a scenario that is critical for survival of and colonization by ferns and lycophytes, since many of them are not adapted to exposure to drought or fire. In tropical forests, the climate outside of the forest is more severe than the climate in its interior, and therefore, leaf fall is considerably increased as compared with that in the interior (Lovejoy et al. 1986; Williams-Linera 1990; Vasconcelos & Luizão 2004) . Forest edges are more exposed, with more open vegetation, which allows greater penetration of winds, and as a consequence, reduces relative air humidity (Murcia 1995) , as observed for the Cravina site. The same was not true of the Macaco Branco site because of the small distance from the edge to the next adjacent forest fragment, since they are only separated by a road passing through the conservation unit. In this case, the configuration of the surrounding vegetation may have worked as a barrier that buffered some of edge-mediated changes in the environmental factors. This fact is also related to a higher total species of ferns and lycophytes recorded in the Macaco Branco edge compared with Cravina, indicating that the isolation edges influence the species richness and climatic variables in different ways. However, Paciencia & Prado (2004) observed that the amount of proximal edges and relatively open areas does not appear to influence the richness of ferns and lycophytes in Atlantic forest fragments in northeastern Brazil.
The temperature data recorded in this study did not vary significantly between the edge and the interior at both sites. In contrast, in a remnant of Atlantic rainforest in northeastern Brazil, other authors observed that temperatures were higher at forest edges (Silva et al. 2011) . Although some authors (Lovejoy et al. 1986; Kapos 1989; Murcia 1995; Laurance 1997) suggest that air temperature is one of the most decisive factors for edge effects to occur, evidence to support this fact was not found in this study. Other factors, such as wind velocity, air humidity, soil moisture content, litter deposition, and canopy cover, proved to be more closely linked to the distribution of plants between the edge and interior of the Araucaria forest.
The generalized occurrence of some species, both at the edges and in the interiors, shows that they are more tolerant to varying levels of humidity, light intensity, and soil compositions. Among the species found in the current study, only Blechnum acutum and Dicksonia sellowiana accounted for over 66% of the total coverage of ferns and lycophytes. B. acutum is a neotropical element of rainforests (Brade 1942) and occurs in Araucaria forests with very high absolute frequency (Senna & Waechter 1997) . D. sellowiana is also considered a characteristic element of Araucaria forest, with leaves approximately 2.40 m in length (Fernandes 2000) , favoring its coverage over large areas. The changes caused by forest edges eliminate species that are less tolerant to environmental change, altering the characteristic composition of the fern and lycophyte community and increasing the number of species that are restricted to the more-preserved forest interior. However, five species were exclusive to forest edges (Tab. 1), suggesting that the effects of fragmentation can restrict the development of some species while concurrently favoring the success of others that are adapted to the new conditions. In Araucaria forest exposed to cattle pasture, Fontoura et al. (2006) did not record terrestrial ferns up to 50 m away from the edge.
Although the two forest edge sites have different configurations in terms of the surrounding matrix, there were similarities between them in several of the variables analyzed (soil moisture, temperature, litter depth, coverage, and terrestrial species richness). Despite the fact that the forest edge at the Macaco Branco site is within a conservation unit and is formed by a road with occasional traffic of vehicles and people, a significant detrimental effect on species richness was still observed, in comparison with the interior at the same site. There is an evident need to implement strategies to mitigate the effects of roads inside conservation units. The greater the number of such roads, the greater the likelihood of edge effects to occur, and depending on the number of roads, many conservation units may be completely exposed to edge effects.
